Mosquitoes of the Anopheles (An.) and Aedes (Ae.) genus are principal vectors of human diseases including malaria, dengue and yellow fever. Insecticide-based vector control is an established and important way of preventing transmission of such infections. Currently used insecticides can efficiently control mosquito populations, but there are growing concerns about emerging resistance, off-target toxicity and their ability to alter ecosystems. A potential target for the development of insecticides with reduced off-target toxicity is the cholinergic enzyme acetylcholinesterase (AChE). Herein, we report cloning, baculoviral expression and functional characterization of the wild-type AChE genes (ace-1) from An. gambiae and Ae. aegypti, including a naturally occurring insecticide-resistant (G119S) mutant of An. gambiae. Using enzymatic digestion and liquid chromatography-tandem mass spectrometry we found that the secreted proteins were post-translationally modified. The MichaelisMenten constants and turnover numbers of the mosquito enzymes were lower than those of the orthologous AChEs from Mus musculus and Homo sapiens. We also found that the G119S substitution reduced the turnover rate of substrates and the potency of selected covalent inhibitors. Furthermore, non-covalent inhibitors were less sensitive to the G119S substitution and differentiate the mosquito enzymes from corresponding vertebrate enzymes. Our findings indicate that it may be possible to develop selective non-covalent inhibitors that effectively target both the wild-type and insecticide resistant mutants of mosquito AChE.
Introduction
Mosquitoes are estimated to transmit infectious diseases to more than 500 million people in Africa, Americas and Asia, with millions of deaths annually. Climate change, globalization and other factors indicate that there is a growing risk that these infectious diseases may also become a problem in Europe [1] . Malaria and dengue are the most common mosquito-borne infectious diseases, each responsible for millions of cases per year. The uncertainty in the number of reported cases is large with approximately 200 million cases of malaria in 2013, along with more than half a million deaths due to the disease [2] . In addition there were almost 100 million cases of dengue infections in 2010 [3] . The responsible agents of these diseases are transmitted through the bites of infected mosquitoes. Species of the Anopheles genus transmit the malaria parasite, with Anopheles (An.) gambiae as the main vector [4] . Similarly, Aedes (Ae.) mosquitoes such as Ae. aegypti and Ae. albopictus are the principal vectors of dengue as well as yellow fever and chikungunya viruses [5, 6] .
Reducing the numbers of disease-transmitting mosquitoes is a proven strategy for controlling disease transmission. The four main classes of insecticides used for mosquito vector control are chlorinated hydrocarbons, organophosphates, carbamates and pyrethroids [7] . Although their molecular targets differ, these insecticides have similar effects on their target organisms, leading to paralysis and death. Chlorinated hydrocarbons, such as dichlorodiphenyltrichloroethane (DDT), and pyrethroids target the voltage-gated ion channels of neurons, while organophosphates and carbamates inhibit the activity of acetylcholinesterase (AChE, EC 3.1.1.7), an essential enzyme for the function of the nervous system. The large-scale production and frequent use of insecticides has caused their accumulation in ecosystems, resulting in environmental contamination and toxicity to many different species including humans [7] . The spread of insecticide resistance also threatens the effectiveness of currently used insecticides [8] [9] [10] . In particular, there have been alarming reports from 27 countries in sub-Saharan Africa of pyrethroid resistance among Anopheles vectors [11] . New vector control strategies such as the use of microorganisms, viruses, biological toxins or natural products, collectively called biopesticides, are under development [12] [13] [14] . However, to maximize the effectiveness of vector control and combat the spread of mosquito-borne diseases, it may be useful to adopt combinations of different approaches [15] AChE is not only a target for insecticides but also for chemically related warfare agents (i.e. nerve agents) and naturally occurring toxins (e.g. snake venoms). It is responsible for terminating nerve signals at the synaptic cleft by hydrolyzing the neurotransmitter acetylcholine (ACh (1), Fig 1) . Disruption of this mechanism leads to accumulation of ACh causing overstimulation and eventual blockage of neurotransmission. Currently used anticholinesterase insecticides for vector control are inhibitors that form a covalent bond with a conserved serine at the active site of the enzyme (reviewed in [16] ). This active site serine (Ser 203 , human AChE numbering) is located at the base of a deep and narrow gorge, where it forms one part of the catalytic triad together with His 447 and Glu 334 [17, 18] . The gorge is lined with aromatic residues and penetrates halfway through the enzyme. Mammals have one ace gene encoding for AChE and this is also the case for Drosophila (D.) melanogaster [19] . However, it is now established that most investigated insects carry multiple AChE genes. Mosquitoes have two AChE genes due to an old duplication; the paralogous ace-1 gene and the orthologous ace-2 gene which is homologous to the gene in Drosophila [20] [21] [22] . D. melanogaster, and other flies, possess only one gene, probably due to a secondary loss during the evolution of the Diptera [23] . It is AChE1, encoded by the ace-1 gene, which is responsible for catalytic acetylcholinesterase activity and AChE-mediated insecticide resistance in mosquitoes [21, 24] . A naturally occurring mutation that confers resistance to organophosphates and carbamates in mosquitoes is a glycine to serine mutation at position 119 (G119S) in AChE1 [24] . This mutation has been identified in populations of An. gambiae, as well as in the West Nile and Japanese encephalitis vector Culex pipiens, found in different geographical locations [24] . However, this mutation has not been found in Ae. aegypti ace-1, probably because this gene uses a different codon for glycine at this position, necessitating two point mutations for the conversion of glycine to serine [25] .
The crystal structure of AChE from D. melanogaster has been determined [26] , but no structure of mosquito AChE is currently available. AChE from D. melanogaster shows an amino acid sequence identity of 39 and 37% to the corresponding enzymes from An. gambiae and Ae. aegypti, respectively. This is comparable to the sequence identity of 38% between ace-1 and ace-2 within An. gambiae. Notably, the mosquito AChE1 and the human enzyme exhibit a slightly higher sequence identity (48-49%) . Most studies on AChEs have focused on AChE from Homo sapiens, Mus musculus, D. melanogaster and the electric rays Torpedo californica or marmorata. Recently, AChE1 from An. gambiae (AgAChE1), and to some extent, Ae. Chemical structures of the substrates and inhibitors investigated in this study. Substrates: acetylcholine (1), acetylthiocholine (2), propionylthiocholine (3), butyrylthiocholine (4). Covalent inhibitors: propoxur (5), eserine (6) . Non-covalent inhibitors: C7653 (7), donepezil (8), C5681R (9), C5681S (10), ethopropazine (11) .
aegypti (AaAChE1), has been expressed and biochemically characterized [27] [28] [29] . In addition, unique residues in the active site of AChE1 have been identified and suggested as targets for insecticides [30, 31] . It has also been shown that some covalent inhibitors targeting AgAChE1 show selectivity over human AChE [32] .
Here we report the cloning, expression and profiling of catalytically active wild-type enzymes encoded by the ace-1 genes of An. gambiae and Ae. aegypti as well as the G119S mutant of An. gambiae. Post-translational modifications of these enzymes were investigated using LC-MS/MS and their basic catalytic parameters and substrate preferences were determined. Furthermore, ligand-binding properties were investigated using a set of inhibitors (5-11, Fig 1) and compared to those of vertebrate AChEs from Homo sapiens (hAChE) and Mus musculus (mAChE).
Methods

Construction of synthetic genes and cloning into the baculovirus chromosome
Full-length sequences of AChE1 (ace-1) from An. gambiae (XM_321792) [33] and Ae. aegypti (EF209048) [28] were downloaded from GenBank and codon-optimized for expression in Spodoptera frugiperda-9 (Sf 9) cells (ATCC 1 CRL-1711™) according to the codon database [34] .
Synthetic genes covering the complete open-reading frames were produced (Eurofins MWG Operon, Germany) and cloned in frame to a C-terminal 6xHis-tag in the baculovirus donor vector pFastBac/CT-TOPO (Invitrogen, Waltham, MA, USA). Correct sequences of individual clones were verified by sequencing plasmid DNA from One Shot Mach1-T1 R E. coli. The AgAChE1-G119S mutant was constructed using the Quick-Change II XL Site Directed Mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA) and the mutation was confirmed by sequencing. The donor plasmids carrying the ace-1 genes were then transformed into MAX Efficiency DH10Bac competent E. coli carrying the bacmid chromosome along with a helper plasmid that enables recombination. The genes of interest were recombined into the baculovirus chromosome according to the Bac-to-Bac TOPO Expression system manual (Invitrogen) and bacterial colonies carrying the ace-1 genes from An. gambiae or Ae. aegypti were identified by blue/white screening before sequencing. Bacmid DNA with the expected sequence was gently isolated from the bacteria prior to transfection using Fugene 1 HD (Roche Applied Science, Penzberg, Germany) into Sf9 cells grown in Sf900 serum-free insect cell growth medium (Invitrogen).
Expression
The baculovirus infections induced as described above were verified 48-72 h post-infection by GFP fluorescence in Sf9 Easy Titer (Sf9-ET) cells maintained in HyClone SFX Insect medium supplemented with geniticin (100 μg/ml) and FBS (5%) [35] and by measuring the AChE1 activity of supernatants of baculovirus-infected Sf 9 cells (see the section on "determination of enzymatic activity"). Viral titers in expanded viral stocks were determined at day five by endpoint dilution assays in the Sf 9-ET cell line by scoring GFP-positive wells [36] . The expression of ace-1 gene products was optimized by analysing AChE activity at multiple time-points after infection. Briefly, adherent Sf9 cells at approximately 70-80% confluence were infected with a multiplicity of infection (MOI), i.e. ratio of virus to insect cells, of 0.1, 1.0 and 10. Infected cells were thereafter maintained for 48 h at 28°C before the media was replaced and the cells were incubated for an additional 3-7 days at 20°C or 28°C. Cells were harvested by scraping and separated from the media by centrifugation for 10 min at 500 rcf. The enzymatic activity was determined as described below in samples of infected cells and in corresponding cell culture media using a PerkinElmer Lambda 650 UV/VIS spectrometer at 412 nm. Once an optimal MOI, temperature and duration of infection had been determined, the production of AChE1 was scaled up. AChE1 proteins were expressed from full-length genes and not truncated prior to cloning, these recombinant proteins were used for all experiments. The cloning and expression of hAChE and mAChE have been described previously [37, 38] .
Purification
The expressed wild-type proteins were purified by affinity chromatography using the active site ligand procainamide coupled to epoxy-activated sepharose (GE healthcare LifeScience, Little Chalfont, UK) [38] . Cell culture supernatants were mixed with procainamide sepharose and the slurry was incubated for 16 h at 4°C under constant rotation. It was then loaded on Eco columns (Bio-Rad Laboratories Inc., Hercules, CA, USA), washed with 2 mM MES (pH 6.5) containing 250 mM NaCl and finally eluted with the same buffer supplemented with 50 mM procainamide. Attempts to use the C-terminal His-tag for Ni-NTA agarose purification were not successful. The purified samples were analysed by SDS-PAGE and subsequently used for the analysis of post-translational modifications and for k cat calculations. Non-purified secreted enzymes were used for all other experiments.
Glycosylation analysis
The glycosylation of the expressed recombinant AChE1s was investigated using enzymatic digestion and liquid chromatography-tandem mass spectrometry (LC-MS/MS). The purified protein was digested in a molecular weight cut-off centrifugal filter (Microcon 10,000 MWCO, Millipore, Billerica, MA, USA) [39] . A 100 μl aliquot was concentrated on the filter at 12,000 x g, after which the filter was washed twice with 200 μl ammonium bicarbonate (100 mM). The protein was subsequently digested with 1 μg of proteinase K in 100 μl of 100 mM ammonium bicarbonate for 4h at 40°C and the peptides were recovered by centrifugation and washing of the filter with 100 μl of 50% acetonitrile. The digests were stored at -20°C before LC-MS analysis.
The digested proteins were analysed by LC-MS and MS/MS on a Waters Nano-Acquity UPLC system connected to a Waters Qtof Ultima mass spectrometer equipped with a nanoelectrospray ion source (Waters Inc). The peptides were separated on a 100 mm, 75 μm i.d. C18 UPLC column (Waters Inc.) using a water:acetonitrile gradient containing 0.1% formic acid from 3-40% acetonitrile over 25 min at a flow rate of 400 nl/min. The samples were analysed by LC-MS using alternate scanning at low and elevated collision energies with argon as the collision target. Carbohydrate marker ions at m/z 204.1 and 366.2 formed by collisioninduced dissociation (CID) at 40 eV were used to detect glycopeptides. The corresponding low energy mass spectrum was examined and the product ion spectra of selected precursor ions were acquired in a separate LC-MS/MS run.
Activity assay and determination of enzymatic activity
The enzymatic activity was investigated using the Ellman assay [40] . The assay was performed using the substrate acetylthiocholine iodide (ATChI, 2) at a concentration of 1 mM in 0.1 M sodium phosphate buffer (pH 7.4) at 30°C. The reagent 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) was present at a final concentration of 0.2 mM. Enzyme-catalysed hydrolysis of the substrate was quantified by monitoring a time-dependent change in absorbance at 412 nm due to the colour change caused by the reaction between DTNB and the hydrolysis product. Enzymatic activities were evaluated by plotting absorption per minute (dA/min) versus substrate concentration ([S]). The substrates' rates of autohydrolysis were subtracted from the measured enzyme-catalyzed rates. All experiments were performed at least in duplicate and values are given with a 95% confidence interval (CI).
Michaelis-Menten kinetics
Michaelis-Menten constants (K m ) and maximum velocity (V max ) values for AgAChE1, AgAChE1-G119S, AaAChE1, mAChE and hAChE were determined by measuring their initial rates (V 0 ) at different substrate concentrations. Substrate concentrations where substrate inhibition was recognizable were avoided and the K m and V max values were obtained from non-linear regression curve fit using the Michaelis-Menten equation in GraphPad Prism version 6.04 for Windows (GraphPad Software, La Jolla, CA, USA, www.graphpad.com). The substrate preferences of AgAChE1, AgAChE1-G119S and AaAChE1 were investigated using ATChI, propionylthiocholine iodide (PTChI) and butyrylthiocholine iodide (BTChI) (2-4, Fig 1) . Each enzyme's turnover number (k cat ) was determined from the relationship between V max and protein concentration. The protein concentration as the total number of active sites in solution at a given volume was determined experimentally by active site titrations using the covalent inhibitor O-ethyl S-[2-(diisopropylamino) ethyl] methylphosphonothioate (VX). The wildtype mosquito enzymes were incubated with different concentrations of VX for 120 min to achieve complete inactivation of the enzymes by both enantiomers of VX. Enzymatic activity was then measured and a titration curve was constructed by plotting the relative activity against the VX concentration. The number of active sites was determined from the titration and used together with V max for the calculation of k cat .
Inhibition kinetics
Inhibition profiles of different AChEs were determined by studying a number of previously described AChE inhibitors (5-11, Fig 1) [ [41] [42] [43] . The non-covalent inhibitors (7) (8) (9) (10) (11) were characterized by determination of their half-maximal inhibitory concentration (IC 50 ) values and covalently binding inhibitors (5-7) were investigated by determination of their inhibition constants (k i ). Stock solutions of the inhibitors were prepared in dimethyl sulfoxide (DMSO) at a concentration of 100 mM and working dilutions thereof were prepared in 0.1 M sodium phosphate buffer pH 7.4. For IC 50 determinations, the enzymatic activity was determined immediately following addition of inhibitor solutions of different concentrations up to a maximum of 1 mM. IC 50 -values were calculated using non-linear regression (curve fitting) in GraphPad Prism and the log (inhibitor) vs. response variable slope equation with four parameters. For k i -determinations, samples were pre-incubated in the presence of the relevant inhibitor at the specified concentration and activity was measured at several time-points (1, 3, 5, 10, 20, 30, 40, 50 and 60 min) until no further decrease in activity could be seen. k obs values were obtained using non-linear regression (curve fitting) in GraphPad Prism software with the one phase decay equation. These values were plotted as a function of the inhibitor concentration and the value of k i was obtained from the resulting slope.
Cluster analysis based on kinetic data
The relationships between different AChEs (AaAChE1, AgAChE1, AgAChE1-G119S, hAChE and mAChE) with respect to their kinetic parameters were visualized by cluster analysis. The analysis was based on our experimental kinetic measurements together with previously published data, and its results were presented in the form of un-rooted trees.
Three cluster analyses of the AChEs were performed based on all of the parameters considered in this work and two different sub-sets of these parameters. Sub-set A contains parameters related to basal enzymatic function that are dependent on a reaction with the catalytic serine residue (V max , K M , k cat and k i ) while sub-set B contains parameters related to affinity for noncovalent inhibitors alone (IC 50 ). Prior to the cluster analysis, the parameter values were scaled to unit variance and the V max values of the investigated substrates of each enzyme were normalized against that enzyme's V max for ATChI. Euclidean distances between the enzymes were calculated for each of the three datasets. The enzymes were clustered according to these Euclidean distances and the Neighbor-Joining method [44] with a randomized order (seed 5) of the enzymes using PHYLIP [45] . The clustering is visualized as un-rooted trees, with the angle of the arc set to 360 degrees, where the branch lengths correspond to the Euclidean distances between the enzymes, reflecting the similarities and dissimilarities in the underlying data.
Results and Discussion
Design and cloning of expression constructs
To facilitate post-translational modifications such as translocation and cleavage of a putative secretion signal, an Sf 9 based baculovirus expression system was evaluated. Codon-optimized full-length ace-1 genes of An. gambiae and Ae. aegypti were produced and cloned into donor plasmids. All plasmids containing the ace-1 genes were verified by sequencing before being recombined into bacmid chromosomes. Recombinant baculovirus chromosomes were identified by blue/white screening and the flanking sequences of the inserts were reconfirmed by sequencing. Bacmid chromosomes were finally isolated and used for transfection into Sf 9 cell lines. Cells with typical morphological changes and granular appearance were noticed within one week of infection in Sf 9 cells, and a clear GFP fluorescence signal was subsequently observed in Sf 9-ET cells. Infected primary cultures (P1) were harvested and used for reinfection of Sf 9 cells before viral titers were determined in amplified viral stocks. The median tissue culture infective doses (TCID 50 ) of the P2 stocks were calculated to be 2 x 10 8 and 4 x 10 8 / ml
for An. gambiae and Ae. aegypti, respectively. The G119S mutant was made by site-directed mutagenesis of the wild type An. gambiae ace-1 gene in the baculovirus donor vector before being recombined onto a baculovirus chromosome and expressed in Sf 9 cells like the wild type enzymes.
Optimization of protein expression
The production and secretion of AChE1 was optimized by exploring the influence of incubation temperature, MOI and time of cultivation. The amount of expressed and secreted AChE1 was determined in the culture media and the highest secretion levels were obtained when adherent cells were infected at an approximate cell density of 70-80% confluence with a MOI of 0.1. The amount of secreted AChE1 at 5-7 days post-infection was estimated to be around 10 mg/L at 28°C, and slightly higher levels of expression were detected in suspension cultures. Of the total measured enzyme activity, about thirty percent was detected in cell culture media and the remaining enzyme activity was detected in samples of lysed cells. Under comparable expression conditions, media containing the AgAChE1-G119S mutant enzyme displayed a significantly lower enzymatic activity than media collected from cells expressing the corresponding wild type enzyme.
Characterization of AChE1 from mosquitoes
SDS-PAGE gel electrophoresis of the purified mature proteins showed that the secreted proteins migrated with an apparent molecular weight between 60-70 kDa (S1 Fig). Assuming that the mature proteins start at the amino acids D 162 NDP in the case of AgAChE1 [27] and
NDP in that of AaAChE1 [28] , their theoretical weight is 64 kDa. To assess the glycosylation of the recombinant enzymes, purified mature proteins were studied after digestion with Proteinase K followed by LC-MS/MS analysis. Carbohydrate marker ions in the high energy spectrum indicated the presence of glycopeptides (S2 Fig) [46] . Further analysis (see also supporting information section S1 Text) revealed that the mass spectral data corresponded to a Nglycosylated core structure -GlcNAc(Fuc)-GlcNAc-Man 3 (Table 1 ). In addition to the core structure, two additional glycoforms of the peptide containing terminal galactosamine were identified ( Table 1 ). The structures were common to both species and consistent with the biantennary complex-type structures reported previously in fetal bovine serum AChE and equine serum BuChE [47] . To identify the specific glycosylation site, the peptide mass was matched to the amino acid sequence of the respective protein and we found that the glycan structures were attached to Asn 509 in both species. Jiang et al have previously shown an increase in migration on SDS-PAGE for N-glycosidase-treated AgAChE1 compared to non-treated samples, indicating the presence of N-glycosylated amino acids in An. gambiae [27] .
Substrate preferences and substrate inhibition
To investigate the substrate preferences of AgAChE1, AgAChE1-G119S and AaAChE1, their Michaelis-Menten constants (K M ) and maximum reaction rates (V max ) were determined using the potential substrates ATChI (2), PTChI (3) and BTChI (4) (Figs 1 and 2A) . For the wildtype enzymes, the K M values were similar for all tested substrates, ranging from 24-36 μM for AgAChE1 and 20-45 μM for AaAChE1. Conversely, the AgAChE1-G119S mutant exhibited a significant decrease in substrate affinity with increasing substrate size (MW ATChI < MW PTChI < MW BTChI ); its K M values were 58, 315 and 431 μM for ATChI, PTChI and BTChI respectively. For all enzymes, the V max values decreased with increasing substrate size (ATChI < PTChI < BTChI) and were markedly lower for the hydrolysis of the largest substrate, BTChI (see Table 2 ). The relative catalytic efficiencies given by the V max /K M -ratios for the substrates ATChI, PTChI and BTChI were 19.7, 16.6 and 1.6 for AgAChE1; 16.2, 13.2 and 0.8 for AaAChE1; and 5.5, 0.27 and 0.08 for the G119S mutant, respectively. The AChE1 enzymes hydrolysed ATChI more efficiently than PTChI and BTChI, which is consistent with the behavior of mAChE and hAChE (Table 2 ) [48] [49] [50] and also with results previously obtained for various invertebrate AChE enzymes [27, 51, 52] . A common feature of vertebrate AChEs is that they show substrate inhibition at elevated substrate concentrations. Our analysis revealed that AgAChE1, AgAChE1-G119S and AaAChE1 are also subject to such inhibition (Fig 2B) , in agreement with a study on the biochemical profile of AgAChE1 [27] .
Michaelis-Menten kinetics
The kinetics was further investigated using the substrate analogue ATChI. The initial enzyme activities were monitored at different substrate concentrations and the K M and V max values were determined and compared to the corresponding constants for the vertebrate AChEs ( Fig  2A and Table 2 ). The mosquito enzymes displayed a higher affinity for ATChI than the vertebrate AChEs. The K M values for AgAChE1, AgAChE1-G119S and AaAChE1 were 27, 58 and 25 μM, respectively, compared to 84 μM and 146 μM for mAChE and hAChE, respectively. The kinetics of inhibition and the relationship between the protein concentration (i.e. the total number of active sites in solution) and enzymatic activity were investigated by means of a time-course experiment using the covalent inhibitor VX. The biphasic shape of the resulting curves indicates that both enantiomers of VX reacted ( S3A Fig). For AgAChE1 and AaAChE1, the covalent modification progressed slowly and reached a plateau after approximately 120 [54]); to our knowledge, no k cat has been previously reported for AaAChE1. The large differences between the reported values for AgAChE1 may be due to different experimental methods. For example, the constants reported herein were determined using full length secreted enzyme and the concentration was determined using active site titrations. In contrast, previous reports use a colorimetric assay to determine the concentration of a purified, truncated construct. Because AgAChE1-G119S was resistant towards the organophosphate VX (its activity decreased by less than 5% over 120 min of incubation) we were unable to perform similar titrations with this enzyme or to determine its k cat value.
Probing the active site gorge with inhibitors
The ligand binding properties of the AChEs were investigated by determining the potency of a set of known inhibitors including the covalent inhibitors propoxur (5) and eserine (6), and non-covalent inhibitors C7653 (7), donepezil (8), C5685R (9), C5685S (10) and ethopropazine (11) (Fig 1) . Propoxur is used against insect pests for both agricultural and public health purposes [55] , eserine and donepezil are used clinically in the treatment of neurological disorders [43] , while ethopropazine has mainly been used as a biochemical tool to distinguish between cholinesterases and also for determining BuChE-specific tissues [50, 56] . The non-covalent inhibitory activity of C7653, C5685R and C5685S has been studied against both hAChE and mAChE [41, 42] . The covalent inhibitors propoxur and eserine were approximately 10-fold more potent inhibitors of AChE1 than of vertebrate AChEs, as shown by their inhibition constants (k i , Fig  2C and , the sensitivity of AgAChE1-G119S was similar to that of mAChE and hAChE. The selectivity of propoxur followed the same general trend as eserine, but displayed 15-30 fold lower constants. Notably, the G119S mutant was very resistant to inhibition by propoxur and only marginal inhibition was observed (data not shown).
The enzymes were further characterized using a set of non-covalent inhibitors of AChE. The interactions between donepezil, C7653, C5685R, C5685S and vertebrate AChE have been investigated using X-ray crystallography [41, 42, 57] , but no crystal structure of AChE in complex with ethopropazine has yet been published. Donepezil and C7653 spans the entire active site gorge, with the benzylic moiety (donepezil) or the piperidine ring (C7653) forming a parallel key interaction with the indole ring of Trp 86 at the base of the active site gorge [41, 57] . The enantiomeric pair C5685R and C5685S interact with the entrance of the gorge via the substituted phenyl ring, while the N-ethyl pyrrolidine moiety extends towards the catalytic site. Even though the enantiomers are within contact distance of Trp 86 , they do not form close interactions with the indole ring similar to those observed for donepezil and C7653. We found that C7653 was a potent inhibitor of AgAChE1 and AaAChE1, with IC 50 -values of 440 and 360 nM respectively, which are similar to those determined for hAChE and mAChE (Fig 2D and Table 3 ). Compared to the wild-type enzymes, the G119S mutant slightly reduces the potency of C7653 (IC 50 of 1.3 μM). Interestingly, donepezil, C5685R and C5685S all displayed selectivity, favoring the vertebrate form of AChE. For these compounds, the IC 50 of AgAChE1-G119S is comparable to the constants determined for AgAChE1 and AaAChE1. This finding indicates that the G119S mutation has only minor implications for the binding of this set of non-covalent ligands. The only exception is ethopropazine, which is not an inhibitor of mAChE, hAChE or the G119S mutant (IC 50 > 1 mM) but does inhibit the wild-type mosquito enzymes with IC 50 values of 4.6 and 8.3 μM.
Cluster analysis of functional descriptors
A cluster analysis based on the experimentally determined parameters k cat , K M , V max , k i and the calculated IC 50 values (S1 Table) visualized as an un-rooted tree revealed three distinct clusters consisting of the wild-type mosquito enzymes, the AgAChE1-G119S enzyme and finally the vertebrate mAChE and hAChE (Fig 3A) . The data were further divided into two sub-sets. Sub-set A, containing constants that describe the affinity and/or reactivity of compounds that form a covalent bond to the catalytic serine residue, yielded a tree where the two mosquito wild-type enzymes still clustered close together. Interestingly, however, this subset analysis shifted the AgAChE1-G119S branch towards the vertebrate enzymes, indicating a greater degree of similarity in the ligand binding properties (Fig 3B) . The cluster analysis based on sub-set B, which contained data for the non-covalent inhibitors (i.e. compounds that do not form a covalent bond to the catalytic serine residue) yielded a tree where the mosquito wildtype AChE1s and vertebrate proteins again formed two distinct clusters. In contrast to sub-set A, the node of the AgAChE1-G119S branch was shifted from the vertebrate cluster towards the wild-type AChE1 cluster (Fig 3C) .
Summary and conclusions
A critical question for the development of insecticides with improved selectivity is whether AChEs from different species have sufficiently diverse ligand binding properties to allow development of synthetic compounds that are selective towards mosquitoes without affecting the cholinergic transmission in off-target species. Sequence comparisons, crystallographic studies of AChE from various species, and homology modelling of AgAChE1 all suggest that the three dimensional structures of vertebrate and mosquito enzymes are similar [26, 58] . Nevertheless, a free cysteine located in a loop at the entrance of the active gorge, corresponding to Phe 295 in hAChE, structurally diverge from the vertebrate enzymes and is thus a potential target for selective covalent inhibitors [30, 59, 60] . Likewise, recent work targeting the catalytic serine residue with covalent inhibitors containing a carbamate functionality has shown that considerable selectivity ratios can be achieved for mosquito over vertebrate enzymes [31, 32, 54, 61] . While the potential of covalent inhibitors has been investigated in a number of studies, inhibitors with a different mode of action, such as non-covalent inhibitors, are less well explored [62] . Another major concern in insecticide development is to overcome the increasing resistance to AChE inhibitors conferred by e.g. the G119S mutation. Novel small-core carbamates have been designed [54] , and it has also been shown that it is possible to target resistant mutant enzymes with non-covalent inhibitors [62] . In this study, we cloned, expressed and characterized the wild type AChE1 protein from two important disease-vectors and compared these enzymes to orthologous vertebrate AChEs. We found that the mosquito AChE1 enzymes share many functional and structural characteristics with the vertebrate AChE enzymes. For example, analysis of post-translational modifications show that the mosquito enzymes have N-linked glycosylation sites (Table 1) . A substrate preference analysis showed that ATChI is the preferred substrate from a set of substrate analogues (Table 2) , and the mosquito AChE1 also exhibited a typical substrate inhibition behavior at high substrate concentrations (Fig 2B) . To extend the analysis, we generated the insecticide-resistant G119S mutant of AgAChE1 and probed the efficacy and ligand binding properties of the different enzymes with a selection of known substrates and inhibitors. Even though the chemical diversity of the compounds considered in this study is limited, a cluster analysis allowed visualization of functional trends (Fig 3A) . As the analysis is based on biochemical constants, the trends are related to the ligand binding properties of the different enzymes. For substrates and covalent inhibitors (i.e. compounds that react with the catalytic serine residue), we found that the G119S substitution induced significant changes of AgAChE1 and made the ligand binding properties of the mutant protein more similar to the properties of mAChE and hAChE (Fig 3B) . In contrast, visualizing a tree based on the constants determined for the non-covalent inhibitors (i.e. compounds that do not react with the catalytic serine residue), the G119S substitution instead made the ligand binding properties more similar to the AgAChE1/AaAChE1 wild type proteins (Fig 3C) . This finding indicates that within this group of ligands, the non-covalent inhibitors are less sensitive to the G119S resistance mutation. It also indicates that it may be useful to explore compounds that inhibit AChE via a different mode of action than the currently used covalent inhibitors.
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